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The emergence of antiretroviral (ARV) drug-resistant human immunodeficiency virus type 1 (HIV-1) qua-
sispecies is a major cause of treatment failure. These variants are usually replaced by drug-sensitive ones when
the selective pressure of the drugs is removed, as the former have reduced fitness in a drug-free environment.
This was the rationale for the design of structured ARV treatment interruption (STI) studies for the manage-
ment of HIV-1 patients with treatment failure. We have studied the origin of drug-sensitive HIV-1 quasispecies
emerging after STI in patients with treatment failure due to ARV drug resistance. Plasma and peripheral blood
mononuclear cell samples were obtained the day of treatment interruption (day 0) and 30 and 60 days
afterwards. HIV-1 pol and env were partially amplified, cloned, and sequenced. At day 60 drug-resistant
variants were replaced by completely or partially sensitive quasispecies. Phylogenetic analyses of pol revealed
that drug-sensitive variants emerging after STI were not related to their immediate temporal ancestors but
formed a separate cluster, demonstrating that STI leads to the recrudescence and reemergence of a seques-
trated viral population rather than leading to the back mutation of drug-resistant forms. No evidence for
concomitant changes in viral tropism was seen, as deduced from env sequences. This study demonstrates the
important role that the reemergence of quasispecies plays in HIV-1 population dynamics and points out the
difficulties that may be found when recycling ARV therapies with patients with treatment failure.

The different variants of human immunodeficiency virus
type 1 (HIV-1) present in infected individuals have been de-
scribed as quasispecies of related but distinct viruses; this plas-
ticity of phenotype allows the virus to occupy a large adaptive
landscape from which novel phenotypes may readily emerge
(7, 17, 23). These variants are generated continuously due to
the high replication rate of HIV-1 (50), the high frequency of
recombination among viral genomes (4), and the lack of proof-
reading activity of the viral reverse transcriptase (RT) (41).
When the selective pressure of antiretroviral (ARV) therapy is
exerted on such a population, drug-resistant mutants may
emerge and consequently lead to treatment failure (7, 37). The
emergence of such viral variants has been extensively described
and is found even in the setting of highly active ARV therapies
(11, 39, 46). When this selective pressure is removed, the emer-
gence of drug-sensitive quasispecies may be expected, as they
would be predicted to have a higher fitness in a drug-free
environment (9, 15, 19, 20, 22, 25, 34, 40, 42, 43). This rationale
led to the many structured treatment interruption (STI) stud-
ies carried out on patients with treatment failure and multi-
drug-resistant viruses (10, 12, 16, 26, 45, 59). In those cohorts,
a rise in plasma viral load and a concomitant fall in CD4� cell

count was observed after treatment interruption; in approxi-
mately half of the patients, drug susceptibility shifted from
resistant to sensitive. However, the origin of these drug-sensi-
tive quasispecies which emerged after STI has not been clearly
defined. Understanding the mechanisms responsible for the
observed changes in HIV-1 drug resistance and in viral repli-
cation after STI will provide a greater insight into HIV-1 evo-
lution and will help define future therapeutic strategies for
patients suffering treatment failure.

The objective of this work was to determine the origin of
drug-sensitive quasispecies arising after STI. New drug-sensitive
HIV variants may be the result of point mutations (“back muta-
tions”) in the drug-resistant quasispecies circulating immediately
before STI, or they may be reemerging ancestral viral variants
that had circulated before the drug-resistant viruses associated
with treatment failure arose (and which had been sequestrated or
suppressed during therapy). In addition we assessed whether the
increase in viral load and decrease in CD4� cell count observed
after STI was associated with a change in the biological phenotype
of the virus from non-syncytium-inducing/CCR5-tropic to syncy-
tium-inducing/CXCR4-tropic. Like STI, this latter phenotype
has been associated with faster replication, more rapid de-
cline in CD4 numbers, and disease progression (6, 8, 21, 28,
56). We were able to show that viral quasispecies replicating
after treatment interruption were not related to its imme-
diate temporal ancestor but formed a separate cluster, dem-
onstrating that STI leads to the recrudescence and reemer-
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gence of a sequestrated viral population rather than the
back mutation of drug-resistant forms. No evidence for con-
comitant changes in viral tropism was seen.

(The present study constitutes a part of Gustavo H. Kijak’s
doctoral work at the University of Buenos Aires.)

MATERIALS AND METHODS

Population under study. Four patients chronically infected with HIV-1 who
had treatment failure and were participating in an STI protocol for 60 days were
studied. Treatment failure was defined as the presence of two consecutive sam-
ples with a viral load of more than 1,000 HIV-1 RNA copies/ml obtained 14 days
apart after being on ARV therapy for more than 6 months. All patients gave
informed consent before undertaking STI. Demographic, epidemiological, and
clinical characteristics of the studied individuals are shown in Table 1.

Plasma viral load was assessed by the b-DNA method with a detection limit of
50 copies/ml (Bayer HIV RNA 3.0 Assay; Bayer Co., Tarrytown, N.Y.). Cell
populations from peripheral blood were studied by flow cytometry (Coulter XL;
Coulter Co., Hialeah, Fla.).

Samples. Whole blood was drawn with EDTA as an anticoagulant the day of
(day 0) and 30 and 60 days after ARV treatment interruption. Plasma was
separated and stored at �70°C until use. After concentration of plasma viral
particles by centrifugation at 23,500 � g at 4°C for 1 h, plasma HIV-1 RNA was
extracted by using a QIAamp Viral RNA Mini Kit (Qiagen GmbH, Hilden,
Germany) following the manufacturer’s instructions. Peripheral blood mononu-
clear cells (PBMC) were separated in a Ficoll-Hypaque gradient (54), and two
million PBMC were stored at �70°C until use. Genomic DNA was extracted by
using a QIAamp DNA Mini Kit (Qiagen GmbH) according to the manufactur-
er’s recommendations.

pol and env amplification and cloning. cDNA of the protease (PR) and RT
coding regions of the HIV-1 pol gene was synthesized with a solution containing
10 �l of extracted viral RNA, 10 pmol of primer fph4 (5�TGAATGATTCCYA
ATGCATATTGTGAGTCTGT 3�, positions 4038 to 4069), and 1 �l of 10 mM
deoxynucleoside triphosphate mix at 65°C for 5 min. The mixture was cooled on
ice for 2 min and a solution containing 200 U of SuperScript II Rnase H�

Reverse Transciptase (Life Technololgies, Gaithersburg, Md.), 5� first-strand
buffer, 2 �l of 0.1 M dithiothreitol, 20 U of RNasin RNase Inhibitor (Promega,
Madison, Wis.), and 120 ng of random hexamers (Promega) in a final volume of
20 �l was added. The reaction was allowed to proceed at 42°C for 1 h. A
fragment of the pol gene (positions 2145 to 3408) was amplified in a nested PCR.
In the first PCR round, a solution containing 2.5 U of Taq DNA polymerase
(Qiagen GmbH), 10� PCR buffer, 1 �l of 10 mM deoxynucleoside triphosphate
mix, and 20 pmol of outer primers PU1 (5�TAAGTGTTTCAAYTGTGGCAA
AGAAGGRCA 3�, positions 1959 to 1988) and PL1 (5�CYTGYTTCTGTATT
TCTGCTAYTAAGTCTTTGT3�, positions 3514 to 3546) was added to 5 �l of
cDNA or proviral DNA extracted from PBMC in a final volume of 50 �l. In the
second-round PCR, 3 �l of first-round PCR product and inner primers PT1 (2)
and RTD (5�TGGTTCCCCTAAGGAGTTACATA3�, positions 3385 to 3409)
were used. Reactions were allowed to proceed according to the following pro-
gram: 3 min at 94°C, then 30 cycles of denaturing at 94°C for 15 s, annealing at
60°C for 30 s, primer extension at 72°C for 90 s, and a final extension at 72°C for
10 min.

cDNA of the third hypervariable loop of gp120 (V3 loop) was prepared as
described above, except for the use of primer V3F (5�ATGGGAGGGGCATACA

TTGC3�, positions 7521 to 7540). A fragment of the env gene (positions 6957 to
7506) was amplified in a nested PCR as described above, except for the use of outer
primers 325H� (44) and V3A (62), inner primers V3G (5�GCCACATGTTTATA
ATTTG3�, positions 7488 to 7506) and V3E (62), and an annealing temperature of
52°C. PCR products were purified with a QIAquick PCR Purification Kit (Qiagen
GmbH). Primers V3F and V3G were kindly provided by Linqi Zhang (Aaron
Diamond AIDS Research Center, Rockefeller University, New York, N.Y.).

The obtained pol and V3 loop fragments were cloned into pCR2.1 TOPO
vector (Invitrogen, Carlsbad, Calif.) and used to transfect chemically competent
TOP10 One Shot Escherichia coli according to the manufacturers’ instructions.
Colonies were grown on Luria-Bertani plates containing 50 �g of kanamycin/ml,
and the presence of the expected insert was assessed by colony-PCR with the
same primers utilized in the second-round PCR followed by electrophoresis into
an ethidium bromide-stained 1.2% agarose gel. Selected colonies were trans-
ferred to 0.5 ml of Luria-Bertani medium with 50 �g of kanamycin/ml and was
incubated overnight at 37°C, and the insert-containing plasmid was purified with
a QIAprep Spin Miniprep Kit (Qiagen GmbH).

pol and env sequencing. The complete HIV-1 PR and RT codons 1 to 261
were sequenced directly from purified PCR products (population-based sequenc-
ing) and from purified cloned fragments by using primers PT2, PT3, R-3, R-4,
R-6, and R-7 (2). The HIV-1 gp120 V3 loop (positions 7110 to 7217) was
sequenced by using the second-round PCR primers. The Protein/DNA Technol-
ogy Center and Howard Hughes Medical Institute Biopolymer Facility at The
Rockefeller University performed DNA sequencing as follows. Sequencing re-
action mixtures were assembled with BigDye Terminator v3.0 Cycle Sequencing
Ready Reaction kits (Applied Biosystems, Foster City, Calif.) containing Am-
pliTaq DNA polymerase, FS. Extension products were purified by using Edge
Biosystems gel filtration plates and were run on an ABI 3700 DNA capillary-gel
sequencer. Sequence data were generated from raw data files by using Sequenc-
ing Analysis v.3.4.1 (Applied Biosystems).

The obtained sequences were visualized with Chromas 2.01 (Technelysium,
Helensvale, Queensland, Australia) and were assembled by using SeqMan II,
which was included in the DNASTAR software package (Madison, Wis.) (5).

Phylogenetic analysis. pol and env sequences were trimmed to equivalent
lengths and sequence alignments were generated by using Clustal X (58). Phy-
logenetic relatedness was established by using the PHYLIP software package
version 3.5c (distributed by Joseph Felsenstein, Department of Genetics, Uni-
versity of Washington, Seattle [ftp://evolution.genetics.washington.edu/pub/
phylip/]). Evolutionary distances were estimated by using DNADIST (Kimura
two-parameter method [31]; transition/transversion ratio, 2), and phylogenetic
relationships were determined by using NEIGHBOR (neighbor-joining method)
(53). Reproducibility of branching patterns (18) was done with SEQBOOT
(bootstrap method; 1,000 replicates), and the consensus tree was generated with
CONSENSE. The obtained trees were visualized by using TREEVIEW (48).

In order to rule out the effect of homoplasies (47), pol phylogenetic analysis
was also performed without taking into account the drug-resistance-associated
codons (49) that corresponded in each case.

Sequence quality control was performed according to Los Alamos National
Laboratory recommendations (Los Alamos National Laboratory HIV Sequence
Database, Los Alamos, N.M. [http:hiv-web.lanl.gov]), and it indicated that no
contaminations had occurred.

MEGA version 2.1 (36) (distributed by Sudhir Kumar, Arizona State Univer-
sity, Tempe [http://www.megasoftware.net]) was used to estimate within- and
between-sample uncorrected nucleotide distances.

TABLE 1. Demographic, epidemiological, and clinical characteristics of four individuals chronically infected with HIV-1 with treatment
failure undergoing structured treatment interruption

Patient Sexa Age (yr) Length (yr) of
infectionb

Route of
infectionc

Clinical
statusd Previous treatment (time on treatment) Last treatment (duration)

1 M 33 7 IDU C3 SQV � RTV, 3TC, d4T (4 mo) AZT, ddI, ABC (12 mo)
2 M 33 6 Sexual C2 AZT, ddC, ddI, 3TC, d4T, HU, IDV,

NVP NFV, SQV � RTV (6 y)
3TC, d4T, IDV � RTV (9 mo)

3 M 32 8 IDU B3 AZT, ddC, ddI, 3TC, d4T, HU, IDV,
EFV, NFV, RTV, SQV (8 y)

ABC, d4T, EFV (12 mo)

4 F 32 6 Sexual A1 AZT, ddC (4 mo) d4T, ddI, NVP (3 y)

a F, female; M, male.
b Time elapsed since infection until STI.
c IDU, intravenous drug use.
d Clinical status according to the Centers for Disease Control and Prevention classification system (5a).
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The base numbering stated throughout the text follows that for the HIV-1
strain HXB2 (GenBank accession number K03455) (33).

Drug resistance genotyping. Previously described drug-resistance-associated
mutations in the PR and RT were sought (49), and genotyping results were
interpreted for abacavir (ABC), didanosine (ddI), lamivudine (3TC), stavudine
(d4T), zalcitabine (ddC), zidovudine (AZT), delavirdine (DLV), efavirenz
(EFV), nevirapine (NVP), amprenavir (APV), indinavir (IDV), nelfinavir
(NFV), ritonavir (RTV), and saquinavir (SQV) by using the drug resistance
interpretation beta test (HIV RT and Protease Sequence Database; Stanford
University [http://hiv-4.stanford.edu/cgi-bin/hivtestweb.pl]) (27).

HIV-1 coreceptor usage. HIV-1 envelope sequences corresponding to the
gp120 V3 loop were used to predict coreceptor usage on the basis of the presence
of basic or acidic residues at positions 275 and 287 of the env gene, corresponding
to positions 11 and 25 of the V3 loop (1, 24).

Statistical analyses. The Mann-Whitney U test (Tadpole III program; Cam-
bridge, United Kingdom) was employed for statistical analyses.

Nucleotide sequence accession numbers. All the HIV-1 sequences related to
this work have been submitted to GenBank and were given accession numbers
AF470720 through AF471027.

RESULTS

Virological and immunological evolution during STI. Four
chronically HIV-1-infected patients who had detectable
plasma HIV-1 RNA in spite of being on highly active ARV
therapies had their treatments interrupted for 60 days. The
evolution of CD4� cell count and plasma viral load during STI
is shown in Fig. 1. In all the cases, an increase of plasma
viremia and a decrease of CD4� cell count was observed after
60 days of treatment interruption. In two patients the increase
of plasma viral load was detected simultaneously with the drop
in the CD4� cell count, whereas in the other two patients this
increase preceded the CD4� cell decline.

Drug resistance genotype during STI. Consensus sequencing
of the PR and RT coding regions of the pol gene of samples
taken at day 0 showed the presence of mutations associated
with resistance to the last ARV treatment received for all of
the patients (Fig. 1). Patient 1 carried mutations that con-
ferred high-level resistance to AZT and that are associated
with low- or intermediate-level resistance to other compo-
nents both of his last ARV treatment (ddI and ABC) and of
the preceding treatment (d4T). Patient 2 had mutations
associated with high- or intermediate-level resistance to all
the drugs of his last ARV treatment (d4T, 3TC, and IDV �
RTV) together with mutations associated with reduced sus-
ceptibility to ARV agents he had received in previous ther-
apy schemes (ddI, ddC, d4T, NFV, and SQV). Similarly,
patient 3 possessed mutations associated with high- or in-
termediate-level resistance to all the drugs of his last ARV
treatment (ABC, d4T, and EFV) and mutations associated
with resistance to some components of his previous ARV
treatments (AZT, ddI, and ddC). Patient 4 carried muta-
tions associated with high-level resistance to two of the
components of her last ARV scheme (d4T and NVP), which
also conferred resistance to an agent of an earlier ARV
treatment (AZT).

Evolution of drug-resistance-associated mutations after treat-
ment interruption is shown in Fig. 1. In patients 1 and 4 all the
primary mutations found on day 0 were not detected by popula-
tion-based sequencing by day 60. On the other hand, for patients
2 and 3 several drug-resistance-associated mutations persisted
after STI, while a sensitive genotype was detected at other posi-
tions. Secondary mutations in the PR did not change over time for

all but patient 2. For some codons in the PR and RT regions,
wild-type-mutant mixtures were observed at days 30 and 60 after
STI.

Of particular note in the sample obtained at day 60 from
patient 3 was the presence of a new mutation, Y181C, associ-
ated with resistance to the nonnucleoside reverse transcriptase
inhibitors (13, 52, 60). In the interviews the patient mentioned
having completely interrupted ARV treatment, but ARV drug
levels were not measured.

Phylogenetic analysis of quasispecies emerging during STI.
The changes in the sequence observed at days 30 and 60 after
treatment interruption in all the patients may be due to back
mutations on the viral quasispecies circulating at day 0 or to
the reemergence of ancestral viral subpopulations that had a
sensitive genotype. In order to discriminate between these
alternative hypotheses, the entire PR coding region and a
portion of the RT coding region of HIV-1 pol were amplified,
cloned, and analyzed by phylogenetic methods (Fig. 2). For all
four patients the clones from plasma samples taken at day 60
clustered in a separate group from those taken at day 0, with
high bootstrap values (over 85%).

Patient 1. For patient 1, the clones derived from the day 0
plasma sample showed the drug resistance profile observed by
the direct sequencing of bulk amplified material (Fig. 2A). At
day 30 a mixture of quasispecies having wild-type and resistant
genotypes was observed. The drug-resistant clones clustered in
the same group as sequences from day 0. In contrast, the
drug-sensitive clones from day 30 clustered into a separate
group, which also included all the clones derived from the day
60 plasma sample. All the quasispecies observed at day 60 had
a completely sensitive genotype in RT and conserved second-
ary mutations in PR. When clones from baseline PBMC were
studied, some variants carried drug-resistance-associated mu-
tations on RT, clustering in the same group as the quasispecies
from day 0. The PBMC-derived clones carrying a sensitive
genotype at the RT clustered into a group that was distinct
from both of the two clades previously described.

Patient 2. For patient 2, all the clones obtained from the day
0 and day 30 plasma samples clustered in a group supported by
a 100% bootstrap value and shared a drug-resistant genotype
(Fig. 2B). At day 60 all of the plasma sample clones had
sensitive genotypes at most of the codons on PR and RT. Two
separate clusters supported by high bootstrap values were
found within the day 60 clade, differing in the genotype at
codons 10 and 36 of PR and 41, 69, and 215 of RT. One out of
4 clones derived from baseline PBMC clustered within the
group of day 60 clones, while the other three were more re-
lated to day 0 and day 30 plasma-derived clones.

Patient 3. For patient 3, all the clones from plasma samples
from days 0 and 30 had a resistant genotype and clustered in a
single group with a bootstrap value of 88% (Fig. 2C). At day 60
all of the plasma-derived clones had a wild-type genotype at
most of the codons of RT but had conserved mutations at
codons 67, 69, and 215 of RT and secondary mutations on PR.
All of these clones clustered as a distinct group (100% boot-
strap). Within the day 60 clade a subgroup of highly related
clones carried mutation Y181C in the RT, while the remaining
had a Tyr residue at that position. Some of the clones from
baseline PBMC clustered in the same group as the day 0 and
day 30 plasma clones, while others were located away from the
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two main clusters of plasma-derived clones (bootstrap values
of 100% and 88%).

Patient 4. In the case of patient 4, all of the plasma-
derived clones from days 0 and 30 clustered in a close group
(100% bootstrap value) (Fig. 2D). At day 30 all these clones
had conserved mutations M36I of PR and K103N of RT
observed in baseline clones, while a mixture of wild-type and
resistant genotypes was observed at positions 41 and 215 of
RT. At day 60 all the clones grouped in a separate cluster,
and all of them had a wild-type genotype at codons 41, 67,

and 215 of RT while conserving the secondary mutation on
PR. Mutation K103E, detected in 2 out of 7 clones, has not
been associated with resistance to NVP (49). All of the
PBMC-derived clones from day 0 had a completely wild-type
genotype in the RT and clustered in a separate group from
the plasma-derived ones.

Pair-wise genetic distances and assessment of homoplasies.
The separate clustering of baseline drug-resistant and day 60
drug-sensitive plasma-derived clones was supported by the ob-
servation that, for all of the patients, the between-sample pair-

FIG. 1. Changes in plasma viral load, CD4� cell count, ARV drug resistance, and HIV-1 V3 loop population-based genotypes of four
chronically HIV-1-infected patients with therapeutic failure during structured treatment interruption. Plasma viral load was assessed with the
b-DNA assay (Bayer HIV RNA 3.0 Assay; Bayer Co.) with an upper detection limit of 500,000 copies/ml (represented as dotted lines).
Drug-resistance-associated mutations, as defined by the Los Alamos National Laboratory (49), are underlined.
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wise genetic distances for the clones obtained at days 0 and 60
(mean, 0.031; median, 0.029) were significantly higher (P �
0.001) than the corresponding within-sample pair-wise dis-
tances for either time point (day 0 mean and median, 0.014 and

0.016, respectively; day 60 mean and median, 0.015 and 0.016,
respectively).

In order to assess the role of the codons associated with
resistance in the analyses performed, the sequence alignments

FIG. 2. Phylogenetic trees of partial HIV-1 pol sequences (complete PR and RT codons 1 to 261) for patients 1 (A), 2 (B), 3 (C), and 4
(D) during antiretroviral treatment interruption. Trees were constructed as described in Materials and Methods. Filled symbols represent
plasma-derived sequences, and open symbols represent PBMC-derived sequences. Samples were taken the day of therapy interruption (day 0) and
30 and 60 days later. Numbers at branch nodes refer to the number of bootstrap repetitions (out of 1,000) in which the sequences grouped together;
only frequencies greater than 70% are shown. Sequence dissimilarity (distance) is shown on the horizontal axis. The genotypes at drug-resistance-
associated codons in HIV-1 PR and RT are indicated next to the corresponding clone. Drug-resistance-associated mutations, as defined by the Los
Alamos National Laboratory (49), are underlined.

7004 KIJAK ET AL. J. VIROL.



were reanalyzed after deleting the resistance-associated
codons involved in the changes described above. The phyloge-
netic trees constructed on the basis of these reduced align-
ments showed that the drug-susceptibility- and time-point-
based clustering was conserved, with some changes in the local
topology within clades (data not shown). Moreover, the boot-
strap values that supported each major clade were not substan-
tially reduced.

V3 loop phylogenetic analysis and inferred coreceptor us-
age. Quasispecies utilizing the CXCR-4 coreceptor have been
previously described as being associated with faster viral rep-
lication and disease progression (6, 8, 21, 28, 56). In order to
assess whether the rapid increase of plasma viral load and
decrease in CD4� cell counts observed after STI was associ-
ated with the emergence of such variants, the third variable
loop (V3 loop) region of gp120 was sequenced and the amino
acids previously described as being associated with CXCR-4
usage (1, 24) were sought (Fig. 1). In all patients a Ser residue
was found at position 11 in all the plasma- and PBMC-derived
sequences taken throughout the 60-day period of the study.
For three of the patients position 25 was occupied by an Asp,
and for the fourth patient this codon was a Glu throughout the
period of study. The coreceptor usage inferred from these V3
loop sequences indicates that these quasispecies are most likely
to have utilized the CCR5 coreceptor, and there is no evidence
of change during therapy interruption. Hence, utilization of
CXCR-4 is unlikely to have been responsible for the increased
viral replication and depletion of CD4� cells seen.

The clones from the V3 loop region of gp120 from samples
taken at different time points were phylogenetically analyzed,
and the quasispecies from days 0, 30, and 60 were intermingled
with no evidence for cladistic structuring (exemplified for pa-
tients 1 and 2 in Fig. 3). This contrasts with the time-point-
associated topologies observed in the pol region (see above).

DISCUSSION

In the present study we analyzed the evolution of HIV-1
quasispecies during STI in four patients with treatment failure
due to HIV-1 drug resistance. All of the mutations in the PR
and RT detected at baseline conferred resistance to some or all
of the components of the last ARV scheme. In some cases
these mutations were also associated with decreased suscepti-
bility to ARV drugs taken by the patients in former treatments,
so the possibility of their selection during previous schemes
and their conservation during subsequent treatments should
not be ruled out (55). After 60 days off therapy, completely
drug-sensitive viruses were detected in two patients. For one
individual some drug-resistance-associated mutations were not
detected 60 days after treatment interruption, while at other
codons the coexistence of wild-type and mutated quasispecies
was observed. On the other hand, for 1 out of 4 patients the
genotype changed to a sensitive one in some codons, but other
drug-resistance-associated mutations were conserved after
STI.

Two major hypotheses may be proposed to explain the
source of the drug-sensitive quasispecies found after STI: (i)
they may have appeared as the major drug-resistant quasispe-
cies replicating immediately before STI-experienced point mu-
tations (back mutations) at drug-resistance-associated codons
of PR and RT, or (ii) they may represent drug-sensitive ances-
tral viral variants that had circulated before treatment failure,
were suppressed during ARV treatment, and reemerged when
the selective pressure of the drugs disappeared. In a phyloge-
netic analysis, the representation of the first scenario would
correspond to a phylogenetic tree in which drug-resistant and
drug-sensitive quasispecies would be intermingled, as they
would be genetically closely related, only differing at a few
codons implied in drug resistance. In this case, the differences
among quasispecies would not be enough for a drug-suscepti-
bility-based topology to be strongly statistically supported. Fur-
thermore, a phylogenetic analysis that excludes drug-resis-
tance-associated codons would result in the same intermingled
topology. By contrast, the latter hypothesis would be supported
if viral variants would cluster separately according to their drug
sensitivity, as they would not only differ in drug-resistance-
associated mutations but also in other codons not subjected to
the selective pressure of the drugs. Moreover, if the phyloge-
netic study was to be performed without taking into account
drug-resistance-associated codons, the cluster structure should
be conserved. It is important to note that the two exposed
hypotheses are not to be considered mutually exclusive.

In the present work the source of the completely or partially
drug-sensitive quasispecies that emerged after STI was studied
by phylogenetic analyses, which strongly supported the hypoth-
esis of the ancestral origin of viral variants circulating after
cessation of ARV therapy. For all of the patients, drug-sensi-
tive quasispecies detected after 60 days of STI clustered apart
from the baseline drug-resistant ones, supported by bootstrap
values of more than 85%. This drug-sensitivity-based topology
was also seen when the corresponding drug-resistance-associ-
ated codons were not taken into account, ruling out homopla-
sies (i.e., characters identical in state due to parallel or con-
vergent change) as the causes for the observed grouping (data
not shown). The observation that the genetic distances be-

FIG. 2—Continued.
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tween baseline and day 60 clones were significantly higher than
the within-sample distances corresponding to each time point
further supported the ancestral origin hypothesis.

The fact that a reversion to drug-resistance-associated ge-
notype after STI was observed simultaneously at most of the
involved codons also supports the ancestral origin of these
quasispecies. Moreover, in those patients in which a reversion
of genotype at codon 215 of RT was observed a fully wild-type
genotype (i.e., threonine residue) was observed, but this was
not observed for similarly drug-sensitive reversion intermedi-
ates (i.e., aspartic acid, cysteine, serine, and asparagine resi-
dues) reported for primary HIV-1-infected patients (14, 61).

Completely or partially drug-sensitive quasispecies emerging
at day 60 showed in the phylogenetic analysis of pol that they
did not constitute one homogeneous cluster but rather a sub-
divided one. This suggests that they were originated by the
reemergence of several viral clones. Due to the fact that the
patients resumed ARV treatments after the 60-day STI, it was
not possible to determine if the viral populations had a ten-
dency to homogeneity or if further quasispecies continued to
emerge.

Viral variants with a complete or partial drug-sensitive ge-
notype were found at day 0 in PBMC samples, while most of
the plasma baseline quasispecies had a fully drug-resistant

genotype. The discrepancy in the genotype of HIV-1 genomes
detected in plasma and PBMC has been previously described
for the pol region (29, 32, 35, 38, 57) and also for other HIV-1
genomic regions (63). These variants detected in PBMC sam-
ples could represent ancestral proviruses integrated before the
emergence of drug resistance. In the present study, drug-sen-
sitive plasma quasispecies from day 60 were not closely phylo-
genetically related to the drug-sensitive variants from PBMC
(except for 1 out of 4 clones detected in patient 2), which
indicates that the viruses emerging after STI may come from
minor variants integrated in PBMC or replicating in peripheral
blood cells at very low levels during ARV treatment, from
variants replicating in other compartments, or from the reac-
tivation of quiescent viral reservoirs. Price et al. reported that
the PR and RT sequences from HIV-1 derived from plasma
and cerebrospinal fluid before and during STI show no evi-
dence of compartmentalization (51), thus suggesting that ma-
jor quasispecies replicating in cerebrospinal fluid may not be
the source of the drug-sensitive virus emerging after STI.

It was previously reported that not all the patients with
treatment failure undergoing STI experienced a reversal in
their drug-resistance-associated genotype (10, 12, 16, 26, 45,
59). Elucidating the factors that could predict which patients
would revert from their drug-resistant genotype to a drug-

FIG. 3. Phylogenetic trees of HIV-1 V3 loop sequences (positions 7110 to 7217) of patients 1 (left) and 2 (right) during ARV treatment
interruption. The trees were constructed as described in Materials and Methods. Symbols are as described in the legend to Fig. 2. Bootstrap
repetitions greater than 50% are shown.
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sensitive one after STI would be of great use for the physicians
managing patients with ARV treatment failure. Factors that
were associated with a shift in drug susceptibility were the
patient clinical status, the number of drugs to which the pa-
tients had been exposed, CD4� cell count and plasma viral
load at study entry (26), baseline CD4� cell count and baseline
viral load/CD4� cell count ratio (45), viral suppression during
ARV therapy (10), and duration of treatment interruption
(12).

According to the present knowledge of HIV-1 replication
kinetics (50), fully wild-type viruses might be nearly extinct in
patients in which drug-resistant variants emerged many years
ago and in the presence of a sustained ARV pressure for their
selection, so their emergence after treatment interruption
might not be detected. Nevertheless, variants that have
emerged during the early stages of drug resistance selection
may reemerge after STI if their fitness in a drug-free environ-
ment is (even slightly) higher than that of the drug-resistant
quasispecies that replicated immediately before treatment in-
terruption. The observation that only some patients showed a
reversion in their genotype may thus be explained by the dif-
ferent availabilities of fully sensitive quasispecies in different
individuals, associated with the time since the emergence of
drug-resistant variants and the duration of the pressure that
selected for them. Another point that should be taken into
account is that if wild-type and resistant variants have equiva-
lent replicative capacities in a drug-free environment, the re-
sistant quasispecies may persist much longer than otherwise
expected.

In patients 1 and 4 at day 30, mixtures of quasispecies with
different drug susceptibilities were detected. In the case of
patient 1, variants carrying the same drug-resistance-associated
mutations as those found at baseline coexisted with quasispe-
cies with a complete drug-sensitive genotype. The former clus-
tered with the drug-resistant variants of day 0, while the latter
were more closely related to the wild-type variants detected at
day 60. The fact that the drug-resistant quasispecies were not
detected at day 60 reflects that in this case, the fitness of the
drug-sensitive quasispecies in an ARV drug-free environment
was higher (9, 15, 19, 20, 22, 25, 34, 40, 42, 43). As for patient
4, some variants from day 30 conserved all the mutations found
at day 0, whereas others carried only some of them. In this
case, however, all the day 30 quasispecies clustered with the
drug-resistant variants from day 0, regardless of their drug-
resistance-associated genotype. The partially sensitive variants
from day 30 could be drug-resistant quasispecies that were
selected subsequently during ARV treatment and reemerged
after treatment interruption or could reflect a back-mutation
process from the completely drug-resistant variants from day 0.
This could indicate that the back mutation and reemergence of
ancestral variants are processes that are taking place simulta-
neously after treatment interruption, and if ancestral quasispe-
cies had a higher replicative capacity they would outgrow the
partially sensitive ones.

In all the studied patients, secondary mutations in the PR
were observed at day 0. In the case of patients 1, 3, and 4, these
mutations remained throughout the STI in spite of the rever-
sion observed at other codons. These mutations could be poly-
morphisms present at the time of HIV-1 infection. The fact
that none of these individuals had primary drug-resistance-

associated mutations in the PR and previous reports showing
that secondary mutations in the PR are highly prevalent in the
local HIV-1 chronically infected drug-naïve population (30)
support this hypothesis. On the other hand, secondary muta-
tions in the PR found in patient 2 at day 0 were not observed
in some of the quasispecies emerging after STI. In this case
these mutations have probably been selected by ARV drugs
along with the primary ones.

When the evolution of sequences of the V3 loop of gp120
during STI was investigated, viral quasispecies from different
time points were intermingled compared to the time-point-
and drug-susceptibility-based topology observed in the pol re-
gion, suggesting that these regions of the genome are evolving
independently. These results are in concordance with the ob-
servations of Brown and Cleland (3), which showed that selec-
tion acting at the pol region has no significant effect on the
evolution of the env gene due to the possibility of recombina-
tion between the two distant HIV-1 genomic regions.

After treatment interruption, a higher rate of viral replica-
tion and a rapid decline in CD4� cells was observed in this
study, in concordance with previous reports (10, 12, 16, 26, 45,
59). In order to determine if these changes in viral replication
and cytopathogenicity were caused by the emergence of vari-
ants with a syncytium-inducing/CXCR4 phenotype, the core-
ceptor usage by HIV-1 was inferred from V3 loop sequences.
Basic amino acidic residues at positions 11 and 25, previously
associated with CXCR4 coreceptor usage (1, 24), were not
found in any of the patients belonging to this study. These
results indicate that the observed virologic and immunologic
effects of STI were not related to a change of tropism but
rather to an increase in viral fitness associated with changes in
the PR and RT. Nevertheless, as changes in regions of the env
gene other than the V3 loop have been reported to be related
to the syncytium-inducing/CXCR4 phenotype (21), changes in
tropism after STI cannot be ruled out.

In conclusion, the present study demonstrates that drug-
susceptible viral variants emerging after ARV treatment inter-
ruption in patients with therapeutic failure are of ancestral
origin and are not derived from drug-resistant quasispecies by
back mutation. These results show the important role that
reemergence of viral variants play in HIV-1 population dynam-
ics. This work has major implications in the clinical setting,
since it points out the difficulties that may be found when
recycling ARV therapies in patients with treatment failure.
The sources of the emerging ancestral viruses still need to be
elucidated, and this knowledge will be helpful in understanding
the mechanism of HIV-1 evolution and in the design of ARV
treatment strategies.
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